Buchnera is a mutualistic intracellular symbiont of aphids. Their association began about 200 million years ago, with host and symbiont lineages evolving in parallel since that time. During this coevolutionary process, Buchnera has experienced a dramatic decrease of genome size, retaining only essential genes for its specialized lifestyle. Previous studies reported that genome size in Buchnera spp. is very uniform, suggesting that genome shrinkage occurred early in evolution, and that modern lineages retain the genome size of a common ancestor. Our physical mapping of Buchnera genomes obtained from five aphid lineages shows that the genome size is not conserved among them, but has been reduced down to 450 kb in some species. Here we show evidence of six species with a genome size smaller than Mycoplasma genitalium, the smallest bacterial genome reported thus far (580 kb). Our findings strongly suggest that the Buchnera genome is still experiencing a reductive process toward a minimum set of genes necessary for its symbiotic lifestyle.
M olecular characterization of various microbial genomes has revealed that many pathogenic and mutualistic intracellular bacterial species have smaller genomes than their freeliving relatives (1, 2) . The reduction of genome size is associated with the loss of a great number of genes, as an adaptation to their life conditions, in which many molecules can be obtained from the host. The smallest bacterial genome reported thus far corresponds to Mycoplasma genitalium, an intracellular parasite of epithelial cells, and comprises a circular chromosome of 580 kb with only 470 coding genes (3) . The recently sequenced genome of Buchnera sp. APS, primary (P) endosymbiont of the aphid Acyrthosiphon pisum, is also extremely reduced (one circular chromosome of 641 kb, with only 564 coding genes, plus two small plasmids) (4) . The concept of the ''minimal genome'' as the minimum number of genes necessary to support cellular life is appealing, and several attempts have been made to define it by comparing the genomes of intracellular bacterial pathogens (5) . Intracellular symbionts may be of great interest in this kind of study because they do not need to maintain genes that pathogens require for survival and to evade host detection. In fact, in our revision of the sequence of Buchnera sp. APS (4) we found that it has only five (0.9%) genes without an homologue in Escherichia coli.
Buchnera is a ␥ proteobacterium that maintains a mutualistic endosymbiotic association with aphids (6, 7) . The association is obligate for both partners: Buchnera cannot be cultured outside the aphid host, whereas aphids need the bacteria for normal growth and reproduction because they provide the host with the nutrients (mainly essential amino acids) that are in short supply in its strict phloem diet (8, 9) . Buchnera is confined within specialized cells called bacteriocytes and is maternally transmitted. Besides Buchnera, aphids often harbor additional bacteria that are commonly referred as secondary (S) endosymbionts. These bacteria can be found in the aphid guts, in tissues surrounding the P bacteriocytes (or even invading the P bacteriocytes themselves), and in specialized S bacteriocytes (10) (11) (12) . These endosymbionts are also subject to vertical transmission (13) , but their patchy distribution among aphid populations implies that they, unlike Buchnera, also undergo horizontal transmission (10) . A recent study has demonstrated they may have positive effects in host fitness (14) . It is conceivable that S-endosymbionts may interact and modify the established mutualism between the aphid and Buchnera.
Phylogenetic studies have proven that the symbiosis between Buchnera and its host resulted from a single bacterial infection of the common ancestor to all extant aphids about 200 million years ago (15) , leading to the cospeciation of the host and their symbionts. During this coevolutionary process, Buchnera suffered considerable genomic changes (i.e., a great reduction in genome size, an increased AϩT bias, great accumulation of deleterious mutations, and the amplification of genes involved in amino acid biosynthesis) (16) (17) (18) . Because pathogenic intracellular bacteria with small genomes display a wide variation in chromosome length, it would also be expected that Buchnera of different aphid lineages differ in genome size and gene content.
Here we present the physical mapping of nine Buchnera genomes obtained from five aphid subfamilies. We show that the genome size is not conserved in the different Buchnera analyzed, but rather it is still undergoing a reductive process. We present six species containing the smallest known bacterial genomes.
Materials and Methods
Aphid Material and Buchnera. Buchnera spp. were obtained from five of the main aphid subfamilies (Aphidinae, Pemphiginae, Thelaxinae, Chaitophorinae, and Lachninae) (19) ( Table 1) . Because Buchnera cannot be cultured in the laboratory, aphids were collected from natural populations at their maximum expansion time. Only limited amounts of Tetraneura caerulescens, Thelaxes suberi, and Chaitophorus populeti could be collected. Acyrthosiphum pisum and Cinara tujafilina are being kept at 25°C with controlled humidity and photoperiod, on young broad bean and tuja plants, respectively.
Isolation of Buchnera from Aphids. The bacteriomes containing the endosymbiont bacteria were purified from different species of aphid by an adaptation of the procedure described by Harrison et al. (20) . The aphids were lightly crushed on 50 ml of isolation buffer A (21), and the homogenate was successively filtered through two layers of muslin and nylon filters with a pore size from 80 to 11 m, to remove insect debris. The filtrate was centrifuged at 1,500 ϫ g (or 4,000 ϫ g for Cinara spp. and T. suberi) for 15 min at 4°C. The pellet was resuspended on 1 ml of buffer A and treated with DNase I (1 mg/ml) at 4°C for 1 h to eliminate the remaining aphid DNA. Finally, the bacteriomes were washed, collected by centrifugation as mentioned above, and resuspended in 1 ml of buffer A per 1 g of aphids used in the extraction.
Abbreviation: PFGE, pulse-field gel electrophoresis.
Data deposition: The sequence of 16S rDNA from Buchnera sp. CTU has been deposited in the GenBank database (accesion no. AJ417833).
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Determination of Buchnera spp. Genome Size by Pulse-Field Gel
Electrophoresis (PFGE). Agarose plugs containing Buchnera genomic DNA were obtained as described (22, 23) . To eliminate the remaining contaminants, the plugs were subjected to an initial PFGE with a gradient of 4.5 V/cm and pulse-time ramping from 60-120 s over 24 h in a CHEF-DRII device (BioRad). Subsequently, the plugs were removed from the wells, and the intact chromosomal DNA was digested with 40 units of the selected restriction enzymes (KspI, ApaI, and RsrII) during 16 h, following the provider's recommendations. To facilitate the penetration of the enzyme in the agarose plugs, they were first equilibrated with the corresponding restriction buffer without Mg 2ϩ , then the enzyme was added, and the plugs were kept at 4°C for 1 h before adding the Mg 2ϩ (H. Ochman, personal communication). The enzyme-digested DNA was separated by PFGE with a gradient of 4.5 V/cm and various ramping pulse times depending on the size of fragments to be resolved (pulsetime ramping from 10-90 s during 24 h for fragments of 700-50 kb, and from 1-20 s during 15 h for fragments of 200-2 kb). Phage multimeric DNA and Saccharomyces cerevisiae chromosomes (BioRad, Boehringer Mannheim, and New England Biolabs) were used as molecular weight markers.
Phylogenetic Analysis of Buchnera spp. The following 16S rDNA nucleotide sequences used for the phylogenetic analysis were obtained from the GenBank͞EMBL database (accession nos. in brackets): Buchnera sp. APS (M27039), Buchnera sp. BPI (AJ296752), Buchnera sp. TCA (AJ296749), Buchnera sp. THS (AJ296757), Buchnera sp. CHV (M63252), Vibrio cholerae
and Wigglesworthia glossinidia (AF022879). The 16S rDNA sequence of Buchnera CTU was cloned for this study, as described (24) , and subsequently sequenced.
A phylogenetic reconstruction by maximum likelihood was performed with the program TREEPUZZLE Version 5.0. The quartet puzzling method (25) , implemented in this program, was used to obtain the support for each internal branch. Values smaller than 70 were removed.
Results and Discussion
To determine the genome size of the Buchnera genus, we analyzed the chromosomes of Buchnera obtained from five of the main aphid subfamilies (Table 1) by PFGE. The phylogenetic relationship among these lineages was previously determined, based on the analysis of the 16S rDNA of Buchnera from at least one aphid species of each subfamily under study. Some other ␥ proteobacteria were also included as outgroup species in the analysis: the freeliving bacteria V. cholerae, E. coli, and S. enterica, and the primary endosymbiont of tsetse flies, W. glossinidia (Fig. 1) .
Agarose plugs containing bacterial DNA were obtained as described (see Materials and Methods). Initially, the undigested plugs were run on a PFGE gel to eliminate all of the remaining reagent impurities, contaminant aphid DNA, and broken bacterial chromosomes, which enter the gel while the intact circular bacterial chromosomal DNA remains in the plugs (26) . When these gels were stained with ethidium bromide, we detected a consistent band that is characteristic of each analyzed Buchnera (Fig. 2) . We confirmed by Southern blotting, using purified Buchnera sp. MRO DNA as a probe, that the detected bands correspond to Buchnera DNA (data not shown). These bands are likely to be nicked circular chromo- somal DNA that has entered the gel (27) . This DNA runs close to the estimated linear size, as has been proven for the known genome of Buchnera sp. APS (4).
The agarose-included Buchnera DNA was then screened for cleavage with different restriction enzymes. Because of the low GϩC content (30%) of the Buchnera DNA, we selected the restriction enzymes KspI, ApaI, and RsrII, which have recognition sequences rich in G and C, for physical mapping of the genomes. The restriction fragments obtained were analyzed by PFGE at different pulse times to achieve better resolution of the desired size ranges (Fig. 3) . The average chromosome size was determined based on the sum of the size of the restriction fragments. We verified that the sum of the fragments corresponds with the size of the consistent band that appears on the PFGE gels without restriction digestion. The results obtained are summarized in Table 2 .
In addition to the main chromosome, several lineages of Buchnera also contain small plasmids that are lost during the preliminary treatment of the agarose plugs. Leucine plasmids are present in all of the Buchnera analyzed in this study, except for Buchnera sp. CHP (18, 24, 28) , and they have a size ranging from 6.3-8.2 kb. Some species also contain a cryptic leucine plasmid of 1.7-2.4 kb (24, 28) . Buchnera from the Aphidinae and some tribes of the Pemphiginae subfamily also contain tryptophan plasmids of variable size, from 3.0-12.8 kb (17, 29, 30) . Thus, the overall size of the Buchnera genome will not be significantly affected by the presence of such plasmids.
Great variation was found in Buchnera genome size (from 670-450 kb of average estimated size), which contrasts with what has been reported from the analysis of three species from aphids of the subfamily Aphidinae and one from the subfamily Pemphiginae (21) . In that previous study, a slightly smaller size for the latter was also reported. This observation is consistent with our results for these two subfamilies. However, the analysis of species from different clades shows that the genome reduction is more dramatic for the Buchnera present in aphids from the subfamilies Chaitophorinae, Thelaxinae, and Lachninae. Although it is reasonable to assume that the vast majority of genome shrinkage may have occurred in the common Buchnera ancestor, the differences found in genome size suggest that Buchnera from different aphid lineages are still undergoing a reductive process to the minimal genome required for their survival in the aphid host. This fact is supported by the recent reduction in 25 kb of the genome size of Buchnera sp. CCE, revealed by the comparison with its close relatives from Cinara cupressi and C. tujafilina.
Buchnera species from aphids of the genus Cinara (subfamily Lachninae) show the smallest genomes. Actually, they have the smallest known genomes. The gel lines corresponding to these species consistently showed an intense smear background on the undigested gels, as well as some diffuse bands on the digested gels. The presence of abundant secondary endosymbionts that we were unable to completely eliminate from the bacteriome preparations was confirmed by a diagnostic PCR based on the amplification of 16S and 23S rRNA-encoding DNA (rDNA), and subsequent diagnostic restriction digestion (31) . Almost 50% of the amplified 16S rDNA from bacteriome DNA isolated from C. tujafilina corresponded to R-type secondary endosymbiont (data not shown), and it is probably this secondary endosymbiont DNA that appears on the gels. Nevertheless, the bands corresponding to Buchnera DNA could easily be identified by their greater intensity over the background banding.
The number of genes that are present in the Buchnera spp. choromosomes can be estimated based on the fact that the known sequence of the Buchnera sp. APS chromosome contains 564 protein coding genes in 641 kb. This finding means that the genome of Buchnera sp. CCE, the smallest genome found in this study, should contain about 396 protein coding genes, which is still higher than the minimal genome estimated both from computational analysis (327-256 genes or even less, refs. 32-34) and transposon mutagenesis (350-265 genes, ref. 35 ). However, it must be considered that the minimal genome is a hypothetical situation that is not easily attainable in a natural environment. Nevertheless, the decrease in the genome size indicates that 395 genes can sustain independent cellular life, which is the minimum set reported so far.
In conclusion, the analysis of Buchnera from five aphid subfamilies shows that the bacterial genome is still undergoing a reductive process (16) . Six of the analyzed species contain the smallest bacterial genomes ever described. However, the abundance of the secondary endosymbiont may reflect the inability of Buchnera with such small genomes to compliment properly the functions needed for their symbiotic lifestyle (14) . The S symbiont could be either taking over the role of Buchnera in supplying some of the functions needed for aphid fitness, or supporting Buchnera's own cellular functions. The sequencing of these smaller genomes will give new clues about the lost genes that are essential for bacterial growth, in an attempt to define a minimal genome.
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